In many forest plantation ecosystems, concerns exist regarding nutrient removal rates associated with sustained whole-tree harvesting. In the coastal North American Pacific Northwest, we predicted the depletion risk of nitrogen (N), the region's most growth-limiting nutrient, for 68 intensively managed Douglas-fir (Pseudotsuga menziesii var. menziesii [Mirb.] Franco) plantations varying widely in productivity. We projected stands to rotation age using the individual-tree growth model ORGANON and then calculated a stability ratio for each stand, defined as the ratio of N removed during harvest to total site N store (soil and forest floor). We assigned a risk rating to each site based on its stability ratio under whole-tree and stem-only harvest scenarios. Under whole-tree harvest, 49% of sites were classified as potentially at risk of long-term N depletion (i.e., Ն10% N store removed in harvest), whereas under stem-only harvest, only 24% of sites were at risk. Six percent and 1% of sites were classified as under high risk of N depletion (i.e., Ն30% N store removed in harvest) under whole-tree and stem-only harvest, respectively. The simulation suggested that sites with Ͻ9.0 and Ͻ4.0 Mg ha Ϫ1 site N store are potentially at risk for long-term N depletion and productivity loss under repeated whole-tree and stem-only harvest, respectively. Sites with Ͻ2.2 and Ͻ0.9 Mg ha Ϫ1 site N store are at high risk of N depletion under whole-tree and stem-only harvest, respectively. The areas with the highest concentrations of at-risk sites were those with young, glacially derived soils on Vancouver Island, Canada, and in the Puget Sound region of Washington.
T he use of wood and other biomass for energy is projected to grow more than that of any other renewable energy source in the United States during the next two decades (US Department of Energy 2009). The largest source of available biomass for energy not currently used in the United States is forest product residues, including logging residues traditionally left in the forest after harvest (White 2010) . Utilization of these residues for energy production has become an increasingly common practice internationally, particularly in European countries attempting to meet Kyoto Protocol requirements (Jacobson et al. 2000 , Stupak et al. 2008 , Saarsalmi et al. 2010 . As the demand for forest biomass has risen, so has the need for information regarding the effects of increased biomass removal, such as that attained through whole-tree harvesting (WTH), on soils and the long-term sustainability of productivity in intensively managed forest plantations (Evans 1999 , Fox 2000 , Janowiak and Webster 2010 .
With the development and increased use of mechanized WTH in the 1970s, a number of researchers expressed concerns about the increased export of nutrients due not only to greater biomass removals but also to the relatively high nutrient concentration of tree crown components that had traditionally been left on-site (Boyle et al. 1973 , White 1974 , Mälkönen 1976 , Kimmins 1977 , Marion 1979 , Wells and Jorgensen 1979 . Since then, a number of field studies have been established to evaluate the effects of WTH, relative to those of conventional stem-only harvest (SOH), on soils and long-term productivity (reviewed by Wall 2012) . The largest field study is the North American Long-Term Soil Productivity study, established in 1989 and incorporating more than 100 core and affiliate sites in the United States and Canada (Powers et al. 2005) . Most field studies of WTH effects on site productivity are still too young to provide rotation-length data from even the first rotation posttreatment (Eisenbies 2006 , Thiffault et al. 2011 , Wall 2012 ; however, there have been numerous reports of WTH effects on growth of young and mid-rotation plantations (e.g., Cole and Compton 1994 , Powers et al. 2005 , Fleming et al. 2006 . The majority of studies reporting WTH effects on young trees found either no effect on growth or small growth decreases; decreases were attributed to factors specific to each region and site, associated with WTH impacts on soils or the forest floor (Jacobson et al. 2000 , Nord-Larsen 2002 , Powers et al. 2005 , Walmsley et al. 2009 , Saarsalmi et al. 2010 , Mason et al. 2012 , Wall 2012 .
Although measurements of the effects of WTH on forest productivity over multiple rotations are not yet available, numerous studies have assessed the sustainability of these forestry systems based on nutrient balance calculations, chronosequence and retrospective data, and model simulations (Dyck and Cole 1994, Farve and Napper 2009) . Conclusions from studies evaluating WTH effects on soils or nutrient budgets of individual sites have varied widely; however, meta-analyses and literature reviews spanning large geographic areas and many soil types (e.g., Johnson and Curtis 2001 , Eisenbies et al. 2009 , Thiffault et al. 2011 ) have shown several patterns. In a meta-analysis of studies worldwide, SOH was associated with increased A-horizon soil carbon (C) and nitrogen (N) in conifer forests, whereas WTH of conifers was associated with small A-horizon C and N decreases; this pattern was not present in hardwood or mixed stands (Johnson and Curtis 2001) . On many sites, soil reserves, weathering, and atmospheric inputs are predicted, over a rotation, to replace most nutrients removed during WTH (Weetman and Webber 1972 , Boyle et al. 1973 , Turner 1981 , Johnson et al. 1982 . Whereas there are no consistent, universal effects of the increased biomass removal associated with WTH on forest soils (Thiffault et al. 2011) , low-productivity sites are usually considered most vulnerable to nutrient deficiency after WTH (Mälkönen 1976, Compton and .
Regional risk assessment models of nutrient depletion after WTH and SOH are necessary for land managers to make informed decisions about resource utilization (Sollins et al. 1983 , Abbas et al. 2011 , Wall 2012 . Several recent regional risk assessment models have been developed based on geospatial analysis of nutrient budgets (Akselsson et al. 2007 ) and soils and geology (Kimsey et al. 2011 ). These models use a wide variety of data to assess risk of nutrient depletion or productivity loss after intensive harvesting. However, their accuracy and resolution are limited by the availability of existing data, and they are not designed to provide precise information at the stand level. Site-specific assessments of potential nutrient depletion under WTH using nutrient balance methods have long been applied in research (e.g., Boyle et al. 1973 , White 1974 ) and may also be used as a risk assessment tool if they are sufficiently accurate and inexpensive to apply. Evans (1999) proposed the "stability ratio" as a simple risk assessment metric to evaluate narrow-sense sustainability (i.e., the capacity of a site to sustain productivity over an indefinite number of rotations). The stability ratio is defined as the proportion of a given nutrient removed in a single forest harvest, relative to the total site store of that nutrient. Site store values may be calculated in various ways, such as soil nutrient store or soil plus aboveground store. Evans (1999 Evans ( , 2009 ) used a stability ratio of 0.1 (i.e., 10% of the site store) as an example of a harvest removal rate below which there is little or no risk to long-term productivity. A stability ratio Ͼ0.3 potentially represents a significant risk to productivity, and a stability ratio Ͼ0.5 will probably result in a significant and immediate site productivity decline.
The US Pacific Northwest is potentially an important region for utilization of harvest residue biomass, with an estimated 7 million tons of logging residues left on-site annually ). Tree growth in much of the US Pacific Northwest and in British Columbia, Canada, is limited by N availability (Turner 1977 , Miller et al. 1986 ; thus, the risk of N depletion is of particular interest under WTH. There is some evidence that WTH of Douglas-fir (Pseudotsuga menziesii var. menziesii [Mirb.] Franco) on poorer quality sites may lead to a decline in productivity (Bigger and Cole 1983, Compton and . Furthermore, the ability of Douglas-fir to grow under nutrient-poor conditions, coupled with improvements in tree stock and silvicultural innovations, may mask the decline of site N stores until after significant depletion has occurred (Lattimore et al. 2009 ).
In the present study, stability ratios (Evans 1999 (Evans , 2009 ) based on N were calculated for 68 coastal Pacific Northwest Douglas-fir plantations to assess the applicability of this risk assessment tool at a regional scale. These sites include a wide range of soil types, with parent materials such as young (i.e., Ͻ15,000 years) glacial deposits, igneous and sedimentary residuum, and volcanic ash. Data collected at each site between plantation ages 15 and 30 years were used to quantify site N stores and to project rotation-age N removals under WTH and SOH scenarios. The objectives of the study were to use the stability ratio to assess the site-specific risk of long-term N depletion under WTH and SOH and to identify regional patterns associated with predicted harvest sustainability.
Methods

Study Sites
The study used data from 68 Douglas-fir plantations (plantation ages of 15-30 years) in western Oregon and Washington (United States) and on Vancouver Island, British Columbia (Canada); these research sites had been established between 2008 and 2011 for an earlier study by the University of Washington Stand Management Cooperative (Maguire et al. 1991 , Littke et al. 2011 . The sites are located on private, state, provincial, and university lands and were selected to represent the range of site conditions (e.g., productivity, elevation, slope, slope position) characteristic of regional Douglasfir plantations (Figure 1 ).
Data Collection
At each site, a 15-m-square grid was established, and the Douglas-fir tree (dominant or codominant canopy class) closest to each grid point (n ϭ 24 -40 at each site) was measured for diameter at breast height (dbh), total height, and height to live crown (Littke et al. 2011) . Breast-height age was measured on five of these trees per site. A 10-m-diameter circular plot was established, centered on each selected Douglas-fir, and dbh and species of every tree in the plot were recorded (hereafter called "plot trees").
A soil pit was excavated at each site to a depth of 1.0 m or until a compacted layer was reached (Littke et al. 2011) . Bulk density samples were collected from each horizon by the core or clod method (method choice was based on texture and hardness; Blake and Hartge 1986). The forest floor was sampled by collecting all organic materials from a 0.5-m 2 plot above each soil pit. Subsamples from the soil bulk density samples and from the forest floor samples were dried, ground, and analyzed for total N concentration using a CHN analyzer (model 2400; Perkin-Elmer, Norwalk, CT). A comprehensive description of soils and methods used to determine parent material at each site is given by Littke et al. (2011) .
Simulating Biomass Removal
To project harvest removals under WTH and SOH systems, growth of each of the 68 stands was simulated to a rotation age of 50 to 55 years using the SMC variant of the individual-tree growth Table 1 . Projected stand volume, biomass, and N content at plantation age 50؊55 for 68 coastal Pacific Northwest Douglas-fir plantations and estimated values previously reported for regional Douglas-fir plantations 45؊60 years of age. model ORGANON (the 5-year variation was due to differences in initial stand age and the model's 5-year time step) (Hann 2011) . A fixed rotation length was used in this analysis so that the rate of biomass and nutrient removal could be compared across sites. ORGANON model inputs at the stand level were the Bruce (1981) site index, stand age, and breast height age. Site index values for the stands were calculated using a 10-tree version of King's protocol (King 1966 , Hanson et al. 2002 ; values were then converted to the Bruce (1981) site index using an iterative method. Variables used as tree input data were species, dbh, total height, and crown ratio. For plot trees, heights and crown ratios were estimated by ORGANON, except for Douglas-fir, for which heights were estimated using the allometric equation:
where ht is total height in m, dbh is in cm, and a and b are parameters derived for each stand using all measured Douglas-fir heights from that stand.
The ORGANON simulation was performed in R statistical software using dynamic link libraries as described by Gould and Marshall (2011) . This approach allows incorporation of the total stem volume equations of Bruce and DeMars (1974) , which have been determined to be the most accurate equations for regional Douglasfir plantations. For species other than Douglas-fir, default ORGANON stem volume estimation methods were used with the log top diameter set to 0.
Biomass and N content of Douglas-fir tree components were estimated by first calculating individual-tree stemwood biomass based on the stemwood volume output from ORGANON and a site-specific estimate of Douglas-fir specific gravity, derived from the western wood density survey (Forest Products Laboratory 1965) . Based on individual-tree stem biomass estimates, total aboveground biomass and component biomass (i.e., stemwood, stem bark, coarse roots, and foliage) were predicted using the component biomass ratio equations of Jenkins et al. (2003) . For species other than Douglas-fir (Ͻ4% of all stems in the study), the same procedure was followed, except that specific gravity values from Miles and Smith (2009) were applied.
To simulate WTH removal, individual-tree estimates of total aboveground biomass of every tree were summed and converted to a per-hectare basis for each site; to simulate SOH removal, the process was repeated for stemwood ϩ stem bark biomass only. ORGANON biomass projections were compared with previously published measured stand biomass values (Table 1) for sites similar in productivity and age, confirming that the projections were comparable after adjustment for differences in stand density.
Simulating N Removal
The N content of total aboveground biomass and of stemwood ϩ stem bark biomass was projected for each site using biomass estimates in combination with the Douglas-fir N concentration equations from Augusto et al. (2000) . These same N concentration equations were used for the small number of stems of species other than Douglas-fir, because species-specific equations do not exist for many of the other species. This probably resulted in conservative projections of N removal for many of these species owing to the relatively high N use efficiency of Douglas-fir (Marion 1979 , Augusto et al. 2000 , Palviainen and Finér 2012 .
Site N and Stability Ratios
For each site, per-hectare soil N content to a 1.0-m depth (or to a compacted layer) was estimated by multiplying, for each horizon, the measured concentration of total soil N by soil mass, as determined through bulk density sampling. Horizon estimates were summed, with any horizon exceeding a depth of 1.0 m truncated at that depth. Per-hectare forest floor N content was estimated from total N concentration and measured dry weight per sample.
A per-hectare site N store value was calculated for each site under three different definitions, the first of which is the standard definition used in most of the calculations presented here:
1. Belowground N store: sum of soil N and forest floor N.
2. Belowground ϩ residue N store: sum of soil N, forest floor N, tree coarse root N at rotation age, and logging residue N. Logging residue N was calculated as the difference between N removal under WTH and SOH.
3. Belowground ϩ total aboveground N store: sum of soil N, forest floor N, tree coarse root N at rotation age, and total aboveground tree N at rotation age.
N stability ratios were then calculated for each site as N stability ratio ϭ N removal/N store where N removal is defined as N content of the total aboveground tree (WTH) or N content of stemwood ϩ stem bark (SOH) and N store is based on one of the three definitions above. Relationships among variables were evaluated using Proc Reg in SAS (version 9.2; SAS Institute, Cary, NC).
Results
Tree Volume and Biomass
Projected stemwood volume for the 68 stands at plantation age 50 -55 ranged from 302 to 1,125 m 3 ha
Ϫ1
, with a mean of 830 m 3 ha Ϫ1 (Table 1) . Across sites, Douglas-fir comprised an average of 96% of stemwood volume (range ϭ 82-100%). Stem biomass projections (wood plus bark) ranged from 162 to 624 Mg ha Ϫ1 , with a mean of 430 Mg ha Ϫ1 . Total-tree aboveground biomass projections ranged from 220 to 805 Mg ha
, with a mean of 577 Mg ha Ϫ1 . Total-tree aboveground biomass was linearly related to site index (Figure 2) . This relationship did not differ by parent material, although none of the sites on sedimentary parent material had a site index Ͻ34 m.
Tree N Content and N Removal
Projected N content in the aboveground portion of trees (i.e., WTH N removal) at age 50 -55 ranged from 366 to 1,218 kg N ha Ϫ1 , with a mean of 887 kg N ha Ϫ1 (Table 1 ; Figure 3 ). Projected SOH N removal ranged from 165 to 737 kg N ha Ϫ1 , with a mean of 495 kg N ha Ϫ1 . The relationship between tree total aboveground N and site N store showed that, at lower values of site N store, tree aboveground N declined at a greater rate (Figure 4) . N content of logging residues, expressed as a fraction of site N store, was approximately 0.1 or less at all but six sites; these six sites all had soils formed in glacial materials ( Figure 5 ).
Stability Ratios
Stability ratios under SOH ranged from 0.02 to 0.46 (mean ϭ 0.08), whereas stability ratios for WTH ranged from 0.04 to 1.03 (mean ϭ 0.14) (Figure 6 ). Under the SOH scenario, 24% of sites had stability ratios Ն0.1, and 1% of sites had stability ratios Ն0.3. Under the WTH scenario, 49% of sites had stability ratios Ն0.1, and 6% of sites had stability ratios Ն0.3.
Stability ratios were also calculated based on alternative definitions of site N store ( Table 2 ). The first of these alternative definitions included belowground plus residue N. Under this definition of site N store, stability ratios under SOH ranged from 0.02 to 0.26 (mean ϭ 0.07), and stability ratios for WTH ranged from 0.04 to 0.84 (mean ϭ 0.14). Under the SOH scenario, 16% of sites had stability ratios Ն0.1, and no site had a stability ratio Ն0.3. Under the WTH scenario, 49 and 6% of sites had stability ratios Ͼ0.1 and Ͼ0.3, respectively.
The second alternative definition of site N store included belowground plus total aboveground N. Stability ratios under SOH ranged from 0.02 to 0.21 (mean ϭ 0.06), and stability ratios for WTH ranged from 0.04 to 0.46 (mean ϭ 0.11). Under the SOH scenario, 10% of sites had stability ratios Ն0.1, and no site had a stability ratio Ն0.3. Under the WTH scenario, 43 and 1% of sites had stability ratios Ն0.1 and Ն0.3, respectively.
Definition of site N store had a greater effect on the stability ratio for sites with smaller soil N stores. For sites with Ͻ3.0 Mg ha Ϫ1 soil ϩ forest floor N, the belowground ϩ residues definition of site N store reduced stability ratios by an average of 0.06 across both treatments compared with the original definition (i.e., belowground N). Under the belowground ϩ total aboveground definition of site N store, the stability ratio on these N-poor sites was reduced by an average of 0.14 compared with the original definition. In contrast, for sites with Ͼ3.0 Mg N ha Ϫ1 , the alternative site N store definitions produced only a negligible reduction in stability ratios (a change of Ͻ0.01).
Based on the relationships between site N store and stability ratio under WTH and SOH scenarios (Figure 6 ), it was possible to estimate a site N store value above which the stability ratio is predicted to be Ͻ0.1 (i.e., no anticipated risk of long-term N depletion) for sites and plantations comparable to those in this study. For SOH, this site N store value was 4.0 Mg N ha Ϫ1 and for WTH it was 9.0 Mg N ha Ϫ1 . A high risk of N depletion (stability ratios Ն0.3) would be expected on sites where the N store was Յ0.9 Mg N ha Ϫ1 under SOH and Յ2.2 Mg N ha Ϫ1 under WTH.
Discussion Tree Biomass and N Projections
The total-tree and stemwood biomass projections for most of the stands in this study exceeded those previously reported for Douglas-fir at a similar rotation age (Table 1) . Because projections of tree N content were based in part on these biomass projections, N content projections also were higher than the estimates of most previous studies. There are several factors that probably contributed to the higher biomass projections in this study. First, five of the eight previous studies (Heilman 1961 , Turner and Long 1975 , Turner 1980 , Bigger and Cole 1983 , Homann et al. 1992 ) were on sites with relatively low soil N content and low productivity; biomass estimates from these studies (mean ϭ 259 Mg ha Ϫ1 ) fall within the lower end of the range of values from our study. Three of the eight previous studies were on productive sites (Ranger et al. 1995 , Ponette et al. 2001 , Ares et al. 2007 ). However, in two of these three studies (Ranger et al. 1995 , Ponette et al. 2001 , the low tree biomass values were influenced by low stand densities (312 and 243 trees ha Ϫ1 ). The third study (Ares et al. 2007 ) was located on a highly productive site and had rotation-age stand density and volume values comparable to the means from our 68 stands; yet the biomass estimates of that study were lower than those of the highproductivity sites in our study. This discrepancy may be explained by a difference in wood density. Stemwood specific gravity measured in the Ares et al. (2007) study was 0.36 for Douglas-fir and 0.30 for western hemlock (Tsuga heterophylla [Raf.] Sarg.); these values are unusually low for the region. Other regional studies of stemwood density, including studies of intensively managed stands and highly productive sites, have found mean values for Douglas-fir ranging from 0.43 to 0.51 (Forest Products Laboratory 1965 , Gartner et al. 2002 , Kantavichai et al. 2010 , El-Kassaby et al. 2011 . Because most of the recent studies have reported specific gravity values for Douglas-fir comparable to those of the western wood density survey (Forest Products Laboratory 1965) , we determined that values from the 1965 wood density survey were still applicable in the present analysis, despite the increased tree growth rates associated with improved genetics and more intensive management.
Regional Stability Ratios for WTH and SOH
Based on Evans' (1999 Evans' ( , 2009 proposed stability ratio guidelines, only a small percentage of the 68 sites (1% in SOH and 6% in WTH) had stability ratios suggesting a high risk of N depletion (i.e., Ն0.3 using the belowground N store definition: the sum of soil N and forest floor N) ( Table 2 ). All four sites with stability ratios Ͼ0.3 under WTH had soils formed in glacial materials; three of these were on Vancouver Island and one was in the southern Puget Sound region of Washington. Site N store for these four sites averaged 1.4 Mg N ha
Ϫ1
. In contrast, the 64 sites with WTH stability ratios Ͻ0.3 averaged 9.9 Mg N ha
. Only one site, located in central Vancouver Island, British Columbia, had a SOH stability ratio Ͼ0.3. That site had a SOH stability ratio of 0.47 and a WTH stability ratio of 1.03, both substantially higher than those of all other sites. The high stability ratios at that site were a result of extremely low soil N (0.4 Mg N ha Ϫ1 ). The soil was formed in glacial parent material, shallow (0.40 m), coarse textured, and with a high coarse-fragment content. The foliar N concentration of Douglas-fir at the site was 8.4 mg g Ϫ1 , which was the lowest among the 68 sites and is within a range diagnostic of very severe N deficiency (Ballard and Carter 1986) .
Nearly half of the study sites had stability ratios of Ն0.1 under a WTH scenario, and almost one-quarter of sites had stability ratios of Ն0.1 under SOH. This 10% removal per rotation level used to define sites as potentially at risk is relatively conservative, given that regional rotation lengths for Douglas-fir are usually 40 years or longer. During that period of time, even small annual inputs of N of stability ratio (SR) values (i.e., the ratio of harvest N removal to site N store) for 68 coastal Pacific Northwest Douglas-fir plantations, based on three definitions of site N store. A stability ratio (SR) value Ն0.1 indicates a potential risk of long-term nutrient depletion, whereas an SR value Ն0.3 indicates a high risk of long-term nutrient depletion (Evans 1999 (Evans , 2009 ). a Mineral soil N and forest floor N. b Mineral soil N, forest floor N, tree coarse root N at rotation age, and logging residue N. c Mineral soil N, forest floor N, tree coarse root N at rotation age, and total aboveground tree N at rotation age.
(e.g., atmospheric deposition or biological N fixation) may cumulatively compensate for a meaningful portion of the N removed during harvest (Boyle et al. 1973 , Johnson et al. 1982 , Bormann and Gordon 1989 . It is unlikely that all sites with stability ratios Ն0.1 are at risk of N depletion; however, sites with this level of nutrient removal may warrant additional scrutiny and some may also warrant further nutrient inventory if managed under an intensive harvest system. Although most of the sites with the highest stability ratios were those with glacially derived soils, it is not possible to accurately rate N depletion risk (i.e., stability ratio) or to predict site N store, based on parent material alone. In an analysis of the soils on these sites, mean N content of soils formed in glacial materials was 7.3 Mg N ha Ϫ1 and did not differ significantly from that of the much older soils formed in igneous rock (9.5 Mg N ha Ϫ1 ) (Littke et al. 2011) . Furthermore, in the present study, several of the sites with the lowest stability ratios had glacial soils. We tested site index and foliar N concentration as potential predictors of stability ratio, but neither of these variables was a statistically significant predictor. However, the strong relationship between site N store and stability ratio (not unexpected, given that site N store is used in the stability ratio calculation) enables prediction of stability ratio based on N store for sites within the range of conditions occurring in this study ( Figure  6 ). Because of this relationship between site N store and stability ratio in the region studied, assessment of N depletion risk based on site N store alone may be sufficient for some applications. Doing so would eliminate the need for prediction of N amounts removed during harvest. For example, based on our findings, a regional site under WTH with Ͻ9.0 Mg N ha Ϫ1 may warrant additional scrutiny or sampling and a site with Ͻ2.2 Mg N ha Ϫ1 should be critically examined to determine whether WTH is an appropriate harvest system.
Under the increased nutrient removal rates of WTH systems, fertilization may be an important tool for maintaining productivity, albeit one dependent on the fluctuating economics of fertilization (Mälkönen 1976 , Fox 2000 , Egnell 2011 ). Among the sites in this study, fertilization may be particularly important where site N store is low. The harvest residue N removed under WTH, materials that would otherwise have been left onsite, represents a substantial portion (Ͼ10%) of total site N store on the low-N sites ( Figure 5 ). In boreal and temperate forests, fertilization has been shown to compensate for productivity losses that may occur after WTH (Helmisaari et al. 2011 , Mason et al. 2012 . The amount of a given nutrient added through fertilization is not likely to have a significant effect on a site's total nutrient store, but it can compensate for a significant portion of removal through WTH. In the present study, the projected additional N removed under WTH, relative to SOH, ranged from 201 to 538 kg ha Ϫ1 (average ϭ 390 kg ha Ϫ1 ); a typical fertilizer application may include approximately 150 -200 kg N ha Ϫ1 . Although smaller in magnitude than the N removed in harvest, the fertilizer addition represents the available form of the nutrient and is applied at a time and rate to most efficiently benefit tree growth. Although the benefit of N fertilization on tree growth rate is often considered to last only 5-10 years in the region (Miller 1988) , productivity gains associated with fertilization have been shown to carry over into the next rotation. However, this carryover has only been demonstrated under a SOH system and may not occur under WTH (Footen et al. 2009 ).
Defining Stability Ratio
Stability ratio is intended to be used as a simple risk assessment tool through which many regional sites can be compared to identify those most susceptible to nutrient depletion. Although there are many ways in which precision of nutrient balance estimates could be enhanced beyond the stability ratio calculation, each would require additional data. For example, if mineral N were used instead of total N, estimates of atmospheric N deposition, soil N mineralization rate, N fixation, and leaching losses could be incorporated into the calculation, but these would necessitate additional site-specific data that could be time-consuming and expensive to acquire for numerous sites across a region. There has been no experimental validation of the stability ratio concept in temperate forests; further field studies would be necessary to provide this information or to compare the stability ratio concept with the more data-intensive nutrient balance approach of assessing sustainability.
The stability ratio was calculated using the site nutrient store, which can be defined in many ways, three of which are presented in Table 2 . The nutrient store definition selected for most of the analyses in this study was total nutrient content of the soil (to a defined depth and excluding coarse roots) plus that of the forest floor. This definition treated N content of standing trees as an ephemeral nutrient pool, removed at the end of each rotation and thus not a part of the site store. The mass and nutrient content of coarse tree roots is a function of tree age and therefore was also considered ephemeral rather than part of the site nutrient store. It should also be noted that there are few equations for estimating root biomass and nutrient content of most tree species. Except on a small number of N-poor sites, the addition of coarse root and aboveground tree N pools had little impact on the stability ratio; thus, in future applications of the stability ratio concept, it may be appropriate to give particular attention to nutrient cycling on nutrient-poor sites when choosing how to define site nutrient store.
To incorporate the rate of N removal into the stability ratio calculation, we chose to use a fixed rotation length across all sites when projecting tree biomass accrual and N removal. If stability ratios were calculated using harvest N removal, without incorporating the length of time until harvest, ratios would not reflect the fact that N removal occurs more frequently on more productive sites where trees are harvested at shorter intervals. An approach to calculating nutrient removal rate that may be more realistic in production forestry is to project stand growth at each site to the rotation age that optimizes the financial rate of return at that site. Subsequently, removals at all sites would be adjusted to a common time frame (e.g., 50 years) to incorporate the rate of removal into the calculation. For example, nutrient removal at a site with a 40-year rotation would be multiplied by 1.25 to meet the 50-year time frame. This alternative approach would be most practical if the region of interest fell within a single ownership; in the present study, we did not have sufficient site-specific information to apply this approach.
Conclusion
This study shows that the stability ratio can be applied at a regional level to indicate which sites warrant additional evaluation for risk of nutrient depletion under a given silvicultural system. The stability ratio concept is flexible in that factors such as site nutrient store and rate of N removal can be adjusted to fit different assumptions and objectives. Based on the N stability ratio, there is a low risk of N depletion and associated productivity loss under SOH for the majority of Douglas-fir sites in the coastal Pacific Northwest. Under a scenario of repeated WTH, nearly half of the sites assessed were potentially at risk for long-term N depletion (sites with Ͻ9.0 Mg ha Ϫ1 site N store), and 6% were at high risk (sites with Ͻ2.2 Mg ha Ϫ1 site N store). Sites with the highest risk of N depletion had soils with low N stores, most of which were young, glacially derived soils on Vancouver Island, British Columbia, and in the Puget Sound region of Washington. On these sites, WTH would remove materials, otherwise left on-site during SOH, containing N equivalent of 10 -20% or more of the total N store of the site. Fertilization may be necessary to maintain productivity on these sites under WTH. In contrast, harvest system (WTH versus SOH) had little effect on N depletion risk for sites with large N stores. Based on the relationship between the stability ratio and site N store, it was possible to calculate site N store values representing guidelines for N depletion risk under a given harvest system.
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